We examined the function of the rice (Oryza sativa L.) antiporter-regulating protein OsARP by overexpressing it in tobacco (Nicotiana tabacum L.). In public databases, this protein was annotated as a putative Os02g0465900 protein of rice. The OsARP gene was introduced into tobacco under the control of the cauliflower mosaic virus 35S promoter. The transformants were selected for their ability to grow on medium containing kanamycin. Incorporation of the transgene in the genome of tobacco was confirmed by PCR, and its expression was confirmed by Western blot analysis. Transgenic plants had better growth and vigor than non-transgenic plants under salt stress in vitro. Overexpression of OsARP in transgenic tobacco plants resulted in salt tolerance, and the plants had a higher rate of photosynthesis and effective PSII photon yield when compared with the wild type. The OsARP protein was localized in the tonoplast of rice plants. Transgenic plants accumulated more Na 1 in their leaf tissue than did wild-type plants. It is conceivable that the toxic effect of Na 1 in the cytosol might be reduced by sequestration into vacuoles. The rate of water loss was higher in the wild type than in transgenic plants under salt stress. Increased vacuolar solute accumulation and water retention could confer salt tolerance in transgenic plants. Tonoplast vesicles isolated from OsARP transgenic plants showed Na 1 /H 1 exchange rates 3-fold higher than those of wild-type plants. These results suggest that OsARP on the tonoplasts plays an important role in compartmentation of Na 1 into vacuoles. We suggest that OsARP is a new type of protein participating in Na 1 uptake in vacuoles.
We examined the function of the rice (Oryza sativa L.) antiporter-regulating protein OsARP by overexpressing it in tobacco (Nicotiana tabacum L.). In public databases, this protein was annotated as a putative Os02g0465900 protein of rice. The OsARP gene was introduced into tobacco under the control of the cauliflower mosaic virus 35S promoter. The transformants were selected for their ability to grow on medium containing kanamycin. Incorporation of the transgene in the genome of tobacco was confirmed by PCR, and its expression was confirmed by Western blot analysis. Transgenic plants had better growth and vigor than non-transgenic plants under salt stress in vitro. Overexpression of OsARP in transgenic tobacco plants resulted in salt tolerance, and the plants had a higher rate of photosynthesis and effective PSII photon yield when compared with the wild type. The OsARP protein was localized in the tonoplast of rice plants. Transgenic plants accumulated more Na 1 in their leaf tissue than did wild-type plants. It is conceivable that the toxic effect of Na 1 in the cytosol might be reduced by sequestration into vacuoles. The rate of water loss was higher in the wild type than in transgenic plants under salt stress. Increased vacuolar solute accumulation and water retention could confer salt tolerance in transgenic plants. Tonoplast vesicles isolated from OsARP transgenic plants showed Na 1 Introduction Salinity is one of the major environmental factors that impacts plant growth and productivity. Almost all aspects of plant activities are affected by salinity stress, directly or indirectly. It is generally defined as the presence of excessive amounts of soluble salt that hinders or affects the normal functions needed for plant growth (Abrol 1986 , Szabolcs 1994 ). This stress is complex and causes a number of effects. Among these effects, ionic and water constraints constitute the most important. Plant adaptation to salinity requires alterations of various cellular, physiological and metabolic mechanisms that are controlled by expression of specific genes. These specific genes could encode proteins implicated in Na þ sequestration (H þ -ATPase, NHX-type transporters) , synthesis of specific osmolytes (proline, glycinebetaine, polyols), the detoxification of toxic compounds (reactive oxygen species-scavenging enzymes), signal perception and regulating factors, and other unknown functions (Yancy et al. 1982, McCue and Hanson 1990) . The regulation of cellular ion concentrations is an essential process in all organisms, necessary to sustain a multitude of physiological processes. The process is accomplished mainly through ion transporters. Ion transporters and their regulatory systems fulfill several crucial physiological roles. In the first place they set the intracellular ion concentrations within the optimal range of cellular systems. The second function of ion transport is the generation of cell turgor, with intracellular K þ playing the major role (Serrano et al. 1999 ). Salt-and drought-tolerant plants maintain their turgor at low water potentials by increasing the number of solute molecules in cells (Gaxiola et al. 2001) . Although Na þ is a major cation present in the soil, it is not considered as an essential mineral for most crop plants. In saline soils, high concentrations of Na þ disrupt the balance of other minerals such as K þ , thereby creating osmotic stress and causing secondary problems such as oxidative stress. These adverse effects result in plant growth inhibition and even plant death (Zhu 2001) . The two main mechanisms for plant cells to prevent excessive accumulation of Na þ in the cytosol are as follows. First, the entry of Na þ into plant cells can be restricted by selective ion uptake. However, non-selective cation channels have been proposed to mediate substantial Na þ entry into plant roots (Davenport and Tester 2000, Demidchik and Tester 2002) . Secondly, internalized Na þ can be stored in vacuoles. The compartmentation of Na þ into the vacuoles provides an efficient mechanism to avert the deleterious effects of Na þ in the cytosol because the stored Na þ contributes to osmotic adjustment (Flowers et al. 1977, Zhang and . The presence of large, acidicinside, membrane-bound vacuoles in plant cells allows the efficient compartmentation of Na þ into the vacuole through the operation of vacuolar Na þ /H þ antiports Poole 1985, Apse et al. 1999) . Vacuolar antiporters use proton motive force generated by vacuolar translocating enzymes H þ -ATPase and H þ -inorganic pyrophosphatase (PP i ase) to couple the downhill movement of H þ with the uphill movement of Na þ . While salt-sensitive plants depend mainly on exclusion of Na þ ions at the plasma membrane, salt-tolerant species accumulate large amounts of Na þ in the vacuoles (Blumwald et al. 2000) . The Arabidopsis AtNHX1 gene encodes a tonoplast Na þ /H þ antiporter and functions in compartmentalizing Na þ into the vacuoles (Gaxiola et al. 1999) . Overexpression of AtNHX1 improved salt tolerance in Arabidopsis, tomato and canola (Apse et al. 1999 . Fukuda et al. (2004) reported a rice vacuolar antiporter gene OsNHX1 by examining the function and intracellular localization in the tonoplast. Overexpression of OsNHX1 improved the salt tolerance of transgenic rice plants, suggesting that the tonoplast played an important role in improving salt tolerance by compartmentation of Na þ into vacuoles. OsARP (OsCTP) gene expression was reported (Qi et al. 2005) in the rice cultivar FR13A under submergence stress, and a large amount of mRNA accumulated when submerged for 3-7 d. In addition to submergence stress, OsARP expression was also enhanced by salt, drought and ABA stresses. It was assumed that the OsARP gene product might be associated with a general defensive response against various environmental stresses. In public databases this protein was annotated as putative Os02g0465900 protein from Oryza sativa subsp. japonica. This protein was reported as ChaC-like protein, which was thought to be associated with the putative ChaA Ca 2þ /H þ cation transport protein in Escherichia coli (Qi et al. 2005) . Ivey et al. (1993) reported the cloning and characterization of a putative Ca 2þ /H þ antiporter gene from E. coli upon functional complementation of Na þ /H þ antiporter-deficient strains by an overexpressed gene. The gene was designated ChaA and was proposed to be the structural gene for a Ca 2þ /H þ antiporter whose overexpression led to resistance to growth inhibition by both calcium and sodium. This protein might have two domains, one for sodium ions and the other for calcium ions. It is possible that both ions are bound to the same site (Ohyama et al. 1994) . In E. coli, among the membrane proteins that catalyze the exchange of ions across the cell membrane are Ca 2þ /H þ antiporters NhaA, NhaB and ChaA, which are involved in sodium ion extrusion (Shijuku et al. 2002) . Within E. coli and other enteric bacteria, antiporters encompass the primary systems responsible for adaptation to growth in conditions of high Na þ concentrations and varying pH (Sakuma et al. 1998) .
Most of the transporters are reported to localize in the membrane, and several plant cation transporters mediate transport of Na þ , which is toxic at high concentrations, leading to salinity stress (Maser et al. 2001) . Among them are OsSOS1 (Martinez-Atienza et al. 2007 ) and OsNHX1 (Fukuda et al. 2004) , which are Na The antiporter regulator gene OsARP was cloned into tobacco (Nicotiana tabacum L.) plants by using Gateway cloning methods. The coding region of the gene was amplified by a first PCR with gene-specific primers and a second PCR with vector-specific primers; and then cloned into the pDONR207 vector by BP reaction. The gene construct was cloned into plant expression vector pGWB2 via LR reaction and mobilized into Agrobacterium tumefaciens strain C58C1 by electroporation. Tobacco cultivar SR-1 leaf discs were infected with transformed Agrobacterium and cultured on kanamycin-selective medium. Analysis by PCR (gene-specific primers) using genomic DNA isolated from transgenic and SR-1 control plants confirmed the presence of the transgene in three OsARP transgenic lines (Fig. 1A) . Western blotting using antibodies raised against OsARP detected high levels of OsARP protein derived from the OsARP transgene in extracts prepared from transgenic plants but not from wildtype SR-1 plants (Fig. 1B) .
Higher growth conferring enhanced tolerance of OsARP transgenic plants under salt stress in vitro For salt stress in vitro, 2-week-old seedlings of three OsARP transgenic lines and SR-1 plants were grown in Murashige and Skoog (MS) medium containing 0, 100 and 200 mM NaCl for 1 month. All the transgenic tobacco lines had better growth and vigor than the non-transgenic SR-1 plants ( Fig. 2A) . Total fresh weight (g plant -1 ) was measured, and transgenic lines had significantly (P50.05) higher fresh weight in stress conditions compared with nontransgenic plants (Fig. 2B ).
OsARP transgenic tobacco plants had enhanced tolerance to salt stress as detected by higher net photosynthesis
We investigated the effect of salt stress on net photosynthesis of OsARP transgenic and wild-type SR-1 plants during 8 d. Although the net photosynthesis decreased in both transgenic and non-transgenic plants, the net photosynthesis rate of OsARP transgenic plants was significantly (P50.05) higher than that of wild-type plants during the entire period of the salt stress (Fig. 3A) . After 8 d of salt stress, OsARP transgenic lines T-2, T-23 and T-27 maintained 23.4, 24.4 and 22.7% of their original photosynthesis, respectively, compared with only 8.6% for wild-type plants.
The photochemical efficiency under salt stress was determined in OsARP transgenic lines and SR-1 plants. The effective PSII photon yield (ÁF/F m 0 ) was reduced in all plants, with a greater reduction in non-transgenic SR-1 plants compared with OsARP transgenic plants. Transgenic plants maintained significantly higher effective PSII photon yield during the entire period of stress (Fig. 3B ). This indicated overexpression of OsARP protein that enhanced the salt tolerance in plants.
OsARP transgenic tobacco plants retained more cations and water than wild-type plants under salt stress
We measured the Na þ , K þ , Ca 2þ and Mg 2þ contents in the leaves of three transgenic tobacco lines and wild-type SR-1 plants before and after exposure to 100 mM NaCl stress. The total ion contents of OsARP transgenic plants were higher than those of wild-type plants under NaCl stress. The contents of Na þ and K þ are known to play an important role in plants under NaCl stress (Gao et al. 2003) . Without NaCl stress, Na þ contents remained similar in both wild-type and transgenic plants. All the three transgenic lines exhibited a 42-fold higher (P50.05) Na þ content after 6 d of salt stress and maintained this higher content of Na þ until 8 d of NaCl stress ( Immunodetection was performed using diluted (1 : 2,000) guinea pig antibody raised against His-tagged OsARP protein as the primary antibody and a diluted (1 : 5,000) horseradish peroxidase-conjugated anti-guinea pig IgG as secondary antibody.
transgenic and wild-type plants, and no significant difference was observed in the trend of transgenic and nontransgenic plants until 8 d of NaCl stress (Fig. 4B ). The Ca 2þ
and Mg 2þ contents were also decreased by NaCl stress. Transgenic lines had significantly (P50.05) higher Ca 2þ and Mg 2þ contents than non-transgenic plants until 8 d of salt stress (Fig. 4C, D) .
Transgenic tobacco plants showed a significant difference when compared with wild-type plants in terms of their water content. Water status decreased in both transgenic and non-transgenic plants with increasing days of NaCl stress. It was observed that all the transgenic lines maintained higher water status until 8 d of salt stress (Fig. 4E ).
Localization of OsARP protein in the tonoplast of rice and tonoplast vesicles of transgenic tobacco plants
Membrane localization of OsARP protein was investigated by immunogold labeling. Immunogold electron microscopy was conducted using leaves of FR13A rice plants submerged for 3 d. Ultra-thin leaf sections were incubated with primary antibody and then localized using anti-guinea pig IgG conjugated with 10 nm gold particles, and viewed under a transmission electron microscope. It was demonstrated that gold particles were localized in the vacuolar membrane (tonoplast) of the cell (Fig. 5A ) only, and no gold particles were detected in other organelles or in the cell matrix. We confirmed the presence of OsARP protein in tonoplast vesicles of transgenic plants by Western blot analysis using OsARP antibody. A high level of OsARP protein was detected in tonoplast vesicles of all the transgenic tobacco lines but not in the wild-type plants (Fig. 5B ) under salt stress. As a marker of the tonoplast, V-type H þ -ATPase antibody was used and vacuolar H þ -ATPase activity was detected in both transgenic and non-transgenic plants (Fig. 5C ). These results indicate that OsARP is likely to be a new vacuolar antiporter regulator of rice.
To confirm that the presence of Na
þ antiport activity in tonoplast vesicles isolated from leaves by the acridine orange fluorescence quenching method. The effect of Na þ on the dissipation of a transmembrane pH was tested in tonoplast vesicles of OsARP transgenic and wild-type tobacco plants. The vesicular lumen was acidified by the activation of vacuolar H þ -PP i ase with the addition of Mg 2þ in the presence of K þ ions . Once the pH gradient had reached a steady state, NaCl was added and the intravasicular acidification was terminated by the addition of NH 4 Cl, and the rates of Na þ /H þ exchange were measured as fluorescence recovery. Tonoplast vesicles isolated from OsARP transgenic plants showed Na þ /H þ exchange rates approximately 3-fold higher than those of vesicles isolated from wild-type tobacco plants (Fig. 6A, B) . These results were in agreement with Na þ ion estimation where OsARP transgenic tobacco plants retained more Na þ than did wild-type plants (Fig. 4A ) under salt stress.
Discussion
Salt tolerance in plants is a complex trait involving multiple physiological and biochemical mechanisms and numerous genes. Excess salts in the soil solution interfere with mineral nutrition and water uptake, and lead to the undue accumulation of toxic ions. Plant growth under salt stress depends, among other concomitant processes, on the establishment of proper cellular ion homeostasis. Low cytosolic Na þ content is preserved by the concerted interplay of regulated ion uptake, vacuolar compartmentation and active extrusion to the extracellular milieu (Blumwald et al. 2000) . Movements of ions into the vacuole might occur directly from the apoplast into the vacuole through membrane vasiculation or a cytological process that juxtaposes the plasma membrane to the tonoplast. Then compartmentalization could be achieved with minimal or no exposure of the cytosol to toxic ions (Hasegawa et al. 2000) . Membrane transporters act to alter many aspects of plant growth and development. At the whole-plant level, accumulation of ions in the leaf is the result of actions of transporters in individual membranes (Hall et al. 2006) .
The results indicated that overexpression of OsARP in transgenic tobacco plants resulting in salt tolerance led to higher photosynthesis than in wild-type plants. In both plants, net photosynthesis was steadily decreased, whereas the rate of reduction was lower in transgenic plants (Fig. 3A) . When plants are exposed to salt or drought stresses, they synthesize ABA and express a gene related to the tolerance of specific stress (Shinozaki 2001) . OsARP (OsCTP) gene expression was enhanced by ABA, thus this protein was associated with the general defensive response against salt stress, showing higher photosynthetic ability under those stresses (Qi et al. 2005) . Photosynthesis is the driving force for plant growth and biomass production. The ability to maintain the rate of photosynthetic CO 2 fixation under environmental stresses is fundamental for the maintenance of plant growth and production (Lawlor 1995) . At the biochemical level, reports focused on the effect of water stress on photosynthesis more on PSII than on PSI. He et al. (1995) reported that damage to PSII photochemistry in water-stressed wheat leaves was caused by a decreased rate of synthesis and increased degradation of PSII proteins. The effective PSII photon yield decreased more rapidly in wild-type plants than in OsARP transgenic plants under salt stress (Fig. 3B) . Therefore, the greater protection of PSII photochemical activity in OsARP transgenic lines might be conferred by increased ion and water retention in cells as maintained by overexpression levels of OsARP under this stress.
During salt stress in plant cells there is a decrease in K þ uptake and increase in Na þ influx. As Na þ is toxic and K þ is the major solute contributing to osmotic pressure and ion Overexpression of antiporter-regulating proteinstrength, salt stress must regulate cation transporters at the tonoplast and plasma membranes to maintain ion homeostasis (Serrano and Rodriguez-Navarro 2001) . In plants, three mechanisms function cooperatively to prevent the accumulation of Na þ in the cytoplasm: restriction of Na þ influx; compartmentalization of Na þ into vacuoles; and an active Na þ efflux (Niu et al. 1995) . Recent progress in molecular genetic studies of Arabidopsis revealed key Na þ -transporting proteins that contribute to salt tolerance of plants.
The OsARP transgenic tobacco plants had better growth and vigor than the wild-type plants under salt stress ( Fig. 2A, B) . On the other hand, transgenic plants retained higher Na þ than the wild-type (Fig. 4A) . Usually, excess Na þ accumulation is toxic to the plant system. The higher growth and vigor in OsARP transgenic plants in relation to high Na þ accumulation as observed could possibly be due to OsARP protein that might have enhanced Na (B) Wild-type SR-1 tobacco plants. Tonoplast vesicles were isolated and purified from the leaves using the method described (White and Smith 1989) . The vacuolar H þ -PP i ase was activated by the addition of Mg 2þ (arrow 1). When a steady pH gradient was formed, NaCl was added (arrow 2) and fluorescence recovery, indicating proton exchange, was monitored for 2 min, after the intravesicular acidification was terminated by the addition of NH 4 Cl (arrow 3). Fluorescence was expressed as arbitrary units. in a safe place, i.e. in vacuoles away from the cytosol in the cells. Blumwald et al. (2000) reported that NaCl treatment was known to up-regulate vacuolar Na þ /H þ antiporter activities and enhanced Na þ compartmentation into vacuoles. This up-regulation was due to the activation of existing protein and/or to an increase in the level of gene transcripts. Plant vacuoles constitute 40-90% of the total intracellular volume of a mature plant cell and, in concert with cytosol, generate the cell turgor responsible for growth and plant rigidity. In principle, increased vacuolar solute accumulation could confer salt tolerance. The sequestration of ions such as Na þ could increase the osmotic pressure of the plant and at the same time reduces the toxic effects of this cation (Gaxiola et al. 2001) . The increase in Na þ is likely to be a consequence of the activity of the OsARP protein as a vacuolar Na þ /H þ antiporter enhancer. Since plant cell growth occurs primarily because of directional expansion mediated by an increase in vacuolar volume, compartmentation of Na þ and Cl -facilitates osmotic adjustment that is essential for development (Yokoi et al. 2002) . Salt tolerance was tested in wild-type and transgenic plants overexpressing a vacuolar Na 
/Na
þ ratio in salt-treated transgenic plants was lower than that in wild-type plants, because Na þ can be transported into the cells through K þ carriers (Blumwald et al. 2000) . The enhanced tolerance to salinity in transgenic tobacco plants with overexpressed rice OsARP protein is explained mostly by an enhanced uptake of ions, especially Na þ , into the vacuole. The resulting elevated ion contents would confer greater water retention (Fig. 4E) , permitting plants to survive under low soil water potential conditions (Gaxiola et al. 2001) .
The antiporter-regulating protein OsARP (OsCTP) is highly expressed in rice under submergence, salt and drought stresses, and has homology to the ChaC E. coli cation transport protein (Qi et al. 2005) . In E. coli, the Cha operon consists of three genes, ChaA, ChaB and ChaC. ChaC, together with the ChaB protein, adjusts the function of ChaA, and parts of the ChaB sequences are designated as a cation transporter regulator based on being part of the ChaA operon (Osborne et al. 2004) . The E. coli gene that appears to be the structural gene for the Ca 2þ /H þ antiporter, when expressed from a multiple copy plasmid, apparently encodes a protein with sufficient Na þ /H þ antiporter activity (Ivey et al. 1993) . Bio-informatics analysis indicated that a single transmembrane domain was present in OsARP protein consisting of 17 amino acids. This single hydrophobic region is not enough to span the membrane. Therefore, one possibility is that the OsARP protein might be a surface-bound transporter associated with some regulatory functions to enhance the existing antiporters required for ion homeostasis under salt stress.
Immunogold electron microscopy confirmed the localization of OsARP protein in the tonoplast of the rice cell (Fig. 5A) . The expression of OsARP protein was also detected in tonoplast fractions of transgenic tobacco plants (Fig. 5B) 
/H
þ antiporter-regulating protein of rice participating in Na þ uptake through the tonoplast.
Materials and Methods

Construction of a plant expression vector using Gateway cloning technology
The cDNA containing the OsARP gene (accession No. AK071205; Rice Genome Project of the National Institute of Agrobiological Sciences, Japan) was amplified by PCR using Platinum Pfx DNA polymerase (Invitrogen) with gene-specific primers 5 0 -GCTTCACCATGGTGCTCTGGGTCTTCGGCTAT GG-3 0 and 5 0 -GAAAGCTGGGTCTCTTGAGTCCACAACAG TGCCCT-3 0 . The PCR conditions were: 948C for 1 min, 948C for 30 s, 558C for 45 s, 728C for 1 min, 728C for 10 min, 30 cycles (Takara Thermal Cycler, TP600, TAKARA SHIZO CO. LTD., Ohtsu, Japan). The second PCR was performed using the same Pfx polymerase with primers 5 0 -GGGGACAAGTTTGTACAAAAA AGCAC-3 0 and 5 0 -AGATTGGGGACCACTTTGTACAAGA A-3 0 which contained attB sites and the PCR products from the first reactions as template; the PCR conditions were the same as above. The linear fragments flanked by attB sequences were subjected to site-specific recombination with the entry vector pDONR207 (Invitrogen), containing the ccdB gene, flanked by attP sites and catalyzed by BP Clonase, yielding entry clones that were used to transform E. coli competent DH5a cells. Transformants were grown on LB agar plates containing 50 mg ml -1 gentamycin. Colonies were picked from each plate for colony PCR using Taq polymerase and outer pDONR primers (Invitrogen); and grown in liquid culture for subsequent plasmid preparation. The entry clones were subjected to another round of site-specific recombination catalyzed by the LR Clonase enzyme mix in order to subclone the genes of interest into a destination vector, i.e. plant expression vector pGWB2 (Nakagawa et al. 2007) containing the cauliflower mosaic virus 35S promoter and the ccdB gene flanked by attR sites, to generate expression clones. The resulting expression construct was used to transform E. coli DH5a strains. Transformants were selected on LB agar plates containing 50 mg ml -1 kanamycin. The construct (pGWB2-OsARP) was then cloned into Agrobacterium tumefaciens strain C58C1 by electroporation (Gene Pulser, Model # 1652098, Bio-Rad, Hercules, CA, USA) set at 600 , 25 mFD and 2.5 kV.
Agrobacterium-mediated transformation of tobacco
Agrobacterium transformation of tobacco (N. tabacum L.) was done following the methods as described by Badawi et al. (2004) . To verify the presence of the OsARP transgene in the genome of transgenic tobacco plants by PCR, genomic DNA was isolated from transgenic and non-transformed (SR-1) control plant leaves using an ISOPLANT II kit (Nippon Gene Co., Ltd., Toyama, Japan). Gene-specific primers were used to conduct the PCR.
Western blot analysis
The full-length OsARP cDNA was cloned into Gateway entry vector pDONR207 via BP reaction and then the E. coli expression vector pDEST17 (6ÂHis-tag) by LR reaction (Invitrogen). Expression and purification of the His-tagged recombinant OsARP protein was conducted using Ni-ATA agarose (Amersham Biosciences, Buckinghamshire, UK) as instructed by the manufacturer. Injecting this protein into guinea pigs raised antibodies against the purified recombinant OsARP protein, and the serum containing anti-OsARP antibodies was used as primary antibody for Western blot analysis. The specificity of OsARP antibody was tested by Western blotting of isopropyl-b-D-thiogalactopyranoside (IPTG)-induced His-tagged OsARP protein along with control non-IPTG protein. Proteins were extracted from OsARP transgenic and SR-1 tobacco plants using potassium phosphate (K-P) buffer [50 mM potassium phosphate, 1 mM EDTA and 5 mM dithiothreitol (DTT)], pH 7.8. Protein quantities were determined according to Bradford (1976) . Protein samples (25 mg) were separated by 12% SDS-PAGE and transferred to Hybond ECL nitrocellulose membrane (Amersham Biosciences) by an ATTO semi-dry transfer cell (ATTO Corporation, Tokyo, Japan). Immunodetection (Eltayeb et al. 2006 ) was performed using diluted (1 : 2,000) guinea pig antibodies raised against His-tagged OsARP protein as the primary antibody and a diluted (1 : 5,000) horseradish peroxidase-conjugated anti-guinea-pig IgG (Sigma, St Louis, MI, USA) as the second antibody. Western blot analyses were carried out on tonoplast protein (30 mg) using diluted (1 : 2,000) guinea pig OsARP antibody as the primary antibody and a diluted (1 : 5,000) horseradish peroxidase-conjugated anti-guinea pig IgG as the secondary antibody; and with antibody for V-type H þ -ATPase established by Matsuura-Endo et al. (1992) .
In vitro salt stress
The T 1 seeds of three transgenic lines (T-2, T-23 and T-27) were germinated on kanamycin-containing MS (Murashige and Skoog 1962) medium, whereas SR-1 seeds were germinated on antibiotic-free MS medium and maintained in a growth chamber for 2 weeks with a 14 h light cycle, 258C and 45% relative humidity. For salt stress in vitro, 2-week-old seedlings of these three lines along with non-transgenic SR-1 tobacco plants were transferred in MS medium containing 0, 100 and 200 mM NaCl, and were grown for 1 month. Each treatment had three replications. Total fresh weight (g plant -1 ) was measured. Values were the means of three replications.
Plant growth conditions for photosynthesis study
We obtained a number of OsARP transgenic tobacco lines but used three transgenic lines (T-2, T-23 and T-27), on the basis of protein expression levels detected by Western blotting, for physiological studies. The transgenic progeny (T 1 ) from selfpollinated primary transformed lines (T 0 ) were germinated on kanamycin-containing MS medium, whereas SR-1 seeds were germinated on antibiotic-free MS medium and maintained in a growth chamber for 4 weeks with a 14 h light cycle, 258C and 45% relative humidity. Seedlings of three OsARP transgenic lines and non-transgenic SR-1 plants were transplanted in vermiculite, maintained in controlled conditions (258C, 45-55% relative humidity and a 14 h light cycle) and irrigated with water supplemented with 1 ml -1 nutrient solution (Hyponex, Osaka, Japan). Three replicates of 8-to 10-week-old plants that were uniform in height and number of leaves were used in these experiments.
Net photosynthesis and chlorophyll fluorescence measurements under salt stress
Salt stress was applied by irrigating plants with 200 mM NaCl solution supplemented with 1 ml -1 Hyponex nutrient solutions. Net photosynthesis (mmol CO 2 m -2 s -1 ) was measured by a portable photosynthesis system (LI6400; LI-COR Inc., Lincoln, NE, USA) starting from zero time, which was immediately before applying stress, and continuing for a designated time. Chlorophyll fluorescence measurements were performed with a portable PAM-2100 fluorometer (Heinz Walz GmbH, Effeltrich, Germany) as instructed by the manufacturer. Effective quantum yield of PSII (Y) was calculated as:
where F t was the fluorescence yield at any time (steady state) and F m 0 was the maximum fluorescence yield reached in a pulse of saturating light during illumination. All the measurements were done in a closed chamber under controlled growth conditions as described above.
Determination of cation contents and water status under salt stress
Seedlings of three OsARP transgenic tobacco lines (T-2, T-23 and T-27) and wild-type SR-1 plants were transplanted in vermiculite under controlled conditions (258C, 45-55% relative humidity and 14 h light cycle), and irrigated with water supplemented with 1 ml -1 nutrient solution (Hyponex). Eight-week-old plants having uniform height and number of leaves were subjected to 100 mM NaCl salt stress. The leaves were harvested at 0, 2, 4, 6 and 8 d after the application of NaCl. The fresh weight of leaves was taken immediately after harvest and then they were oven-dried at 708C for 48 h. Water content was measured by subtracting the dry weigh from the fresh weight, and water status was calculated as the ratio of water to dry matter of leaves as a percentage. The dried samples were ground into powder using a pestle and mortar. Each 0.2 g dried samples was digested with 15 ml of an acid mixture (HNO 3 : HClO 4 : H 2 SO 4 ¼ 10 : 4 : 1) for about 1 h at 3508C on a hot plate. The suspension was filtered and diluted with distilled water to a final volume of 50 ml. The Na þ , K þ , Ca 2þ and Mg 2þ contents were measured using an atomic absorption spectrophotometer (Z-8000, Hitachi, Tokyo, Japan) according to Wang and Zhao (1995) .
Data analysis
Data points represented the mean of three replications. Data were analyzed using Student's t-test at a 95% confidence level.
Rice plant culture
Seeds of rice (O. sativa L.) cultivar FR13A were obtained from the International Rice Research Institute (IRRI) and germinated by soaking in water at 308C for 3 d and then transplanted into vermiculite. The seedlings were irrigated at 1 week intervals using Hyponex diluted 1 : 1,000 in water. Threeweek-old seedlings were submerged completely (approximately 20 cm under the water surface) for 3 days at 25-308C.
Immunogold electron microscopy
Leaf tissue (submerged for 3 d) from rice cultivar FR13A was used for microscopic study. A standard protocol (Invitrogen) was followed for immunogold labeling electron microscopy. At first, leaf tissue was cut into 2 mm pieces. Fixing of cells was done by soaking 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7) in a vacuum, followed by 2 h of shaking. Washing (10 min each, three times) of the sample was done with 0.1 M phosphate buffer (pH 7). The cell was then dehydrated through a graded ethanol series (30, 50, 70, 80, 90 and 95%, three times each, 10 min) and then soaked in 10% white resin overnight. Ultra-thin sections leaves were made and mounted on nickel grids. Blocking was done in a grid with the section face down on a droplet of 50 mM glycine/phosphatebuffered saline (PBS) followed by incubation for 15 min at room temperature. The grid was transferred to the surface of a 25 ml droplet of primary antibody (OsARP antibody) solution [in 1% bovine serum albumin (BSA)-PBS] and incubated for 2 h at 378C. After washing with washing buffer (0.1% BSA-PBS), the grid was transferred to a 25 ml droplet of secondary antibody (anti-guinea pig IgG) conjugated with gold (10 nm) in PBS, and incubated for 2 h at 378C. The grid was transferred to a series of 50 ml droplets of distilled water to remove unbound gold conjugate. The embedded section was stained lightly with uranyl acetate and, after washing, examined under the electron microscope.
Vacuolar membrane (tonoplast) preparation
Tonoplast vesicles from the leaf tissue of three transgenic lines and SR-1 tobacco plants were isolated according to the method of White and Smith (1989) . The leaf tissue was homogenized in a Polytron Micro Tissue Grinder in a medium (40 ml of medium to 15 g of tissue) containing the following: 450 mM mannitol, 3 mM MgSO 4 , 10 mM ethylene glycol-bis(b-aminoethylether)-N,N,N 0 ,N 0 -tetraacetic acid (EGTA), 1 mM DTT, 0.5% (w/v) polyvinylpyrrolidone (PVP-40), 2.0% (w/v) BSA, 100 mM Tricine buffered to pH 8.0 with Tris. The homogenate was filtered through two layers of Mira cloth and the filtrate was centrifuged at 5,000 Â g for 10 min. The resulting supernatant was layered over a 25% (w/v) sucrose cushion containing 1 mM DTT and 5 mM HEPES buffered to pH 8.0 with Tris. The gradients were centrifuged at 100,000 Â g for 60 min in a swing-out rotor (P40ST) (Hitachi himac CP70MX Ultra Centrifuge, Japan). Tonoplast vesicles were removed from the interface using a Pasteur pipet and diluted 1 : 1 (v/v) with a medium containing 150 mM mannitol, 1 mM DTT and 25 mM 1,3-bis[tris(hydroxymethyl) methylamino]propane (BTP) buffered to pH 8.0 with MES. Vesicles were then pelleted by centrifuging at 100,000 Â g for 30 min in an angle-type rotor (P65AT). The pellet was finally resuspended in a medium containing 150 mM mannitol, 1 mM DTT and 25 mM BTP buffered to pH 8.0 with MES. All steps were performed at 48C. Protein content was measured and preparations were stored at -208C. Western blot analyses were done using OsARP and V-type H þ -ATPase antibodies within 1 week. Na þ /H þ exchange assays The fluorescence quenching of acridine orange was used to monitor the formation and dissipation of acid-inside pH gradients across the membranes of the tonoplast vesicles. The Na þ /H þ exchange activity was measured in tonoplast vesicles of OsARP transgenic line (T-2) and wild-type SR-1 plants by following the pH-dependent fluorescence quenching of acridine orange as described by Blumwald and Poole (1985) and with slight modification. An acidic-inside pH gradient across the tonoplast vesicles was obtained by activation of the vacuolar H þ -PP i ase. A 60 mg aliquot of tonoplast vesicles was added to 2 ml of buffer containing 0.25 M mannitol, 5 mM Tris/ MES (pH 8.0), 2 mM DTT, 25 mM KCl, 0.8 mM Tris-PPi and 5 mM acridine orange. The reaction mixture was placed in a fluorescence spectrophotometer (Hitachi F-4500, Tokyo, Japan) and equilibrated in the dark with stirring for 5 min before fluorescence measurement. Proton translocation was initiated by the addition of 1 mM Mg 2þ , and the change in fluorescence was monitored at excitation and emission wavelengths of 495 and 540 nm, respectively, and a slit width of 5 nm for both excitation and emission. When a steady-state pH gradient (acidic inside) was formed, 50 mM NaCl was added, fluorescence recovery rate, as a result of Na þ /H þ exchange, was monitored, intravesicular acidification was terminated by the addition of 10 mM NH 4 Cl and the fluorescence recovery was determined. These experiments were repeated at least three times.
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